Abstract: Two-dimensional (2D) heterostructure materials show captivating properties for application in surface plasmon resonance (SPR) sensors. A fluoride fiber-based SPR sensor is proposed and simulated with the inclusion of a 2D heterostructure as the analyte interacting layer. The monolayers of two 2D heterostructures (BlueP/MoS 2 and BlueP/WS 2 , respectively) are considered in near infrared (NIR). In NIR, an HBL (62HfF 4 -33BaF 2 -5LaF 3 ) fluoride glass core and NaF clad are considered. The emphasis is placed on figure of merit (FOM) enhancement via optimization of radiation damping through simultaneous tuning of Ag thickness (d m ) and NIR wavelength (λ) at the Ag-2D heterostructure-analyte interfaces. Field distribution analysis is performed in order to understand the interaction of NIR signal with analyte at optimum radiation damping (ORD) condition. While the ORD leads to significantly larger FOM for both, the BlueP/MoS 2 (FOM = 19179.69 RIU −1 (RIU: refractive index unit) at d m = 38.2 nm and λ = 813.4 nm)-based sensor shows massively larger FOM compared with the BlueP/WS 2 (FOM = 7371.30 RIU −1 at d m = 38.2 nm and λ = 811.2 nm)-based sensor. The overall sensing performance was more methodically evaluated in terms of the low degree of photodamage of the analyte, low signal scattering, high power loss, and large field variation. The BlueP/MoS 2 -based fiber SPR sensor under ORD conditions opens up new paths for biosensing with highly enhanced overall performance.
Introduction
The advancements in the field of two dimensional (2D) materials have opened up new paths for their application in various optoelectronics devices [1, 2] . Remarkable developments in micromechanical exfoliation techniques have introduced high-quality 2D organic and inorganic materials [3] . Graphene, a monolayer counterpart of graphite, has found a large number of applications in optical devices like detectors and sensors [4] [5] [6] . Other 2D materials, such as transition metal chalcogenides (TMDs), stanene, germanene, phosphorene, etc., have also been utilized in several photonic applications [1, 7, 8] . Optical sensors based on surface plasmon resonance (SPR) have obtained widespread popularity because of their fast response, accuracy, and ease of fabrication. P-polarized waves, which exist at metal-dielectric interface (MDI), are referred to as surface plasmon polaritons (SPPs), and their resonant oscillation under the influence of an external field is known as SPR.
Discussing SPR sensors and 2D materials together, it can be observed that multilayer graphene has been employed in SPR-based sensors for sensitivity enhancement due to its increased surface
Theory and Design Consideration
A five-layer structure consisting of fiber core, clad medium, Ag layer, BlueP/TMD (WS 2 or MoS 2 ) heterostructure, and analyte is considered. Multimode heavy metal-doped fluoride optical fiber (HBL: 62HfF 4 -33BaF 2 -5LaF 3 ) with core diameter (D) of 400 µm is considered (shown in Figure 1 ). Several variants of fluoride fiber, including ZBLAN (55.8ZrF4-14.4BaF2-5.2LaF2-3.8AlF3-20.2NaF), ZBLA (57ZrF4 -36BaF2-4AlF3-3LaF3), Aluminium fluoride (AlF 3 ) and Indium fluoride (InF), are commercially available [26] that can be considered for possible experimental realization of the proposed sensor design. The clad medium should be selected carefully in order to have a sufficiently large range of incident angle (α), keeping in mind the maximum permissible value, α m = sin −1 n 2 core − n 2 clad , where n core and n clad represent the refractive index (RI) of core and clad materials, respectively. For the above-mentioned purpose, an NaF layer with a thickness of 5 nm was chosen as clad medium.
light ray propagating at an angle 'θ' inside the fiber core. Here, D is the fiber core diameter. Finally, the power loss (PL) can be calculated as:
In the above equation, is the normalized reference power and (= ( )) is the modulated normalized output power calculated from Equation (1) . Figure 1 . Schematic diagram of the proposed multilayered FOSPR sensor with output power loss spectra. L is the sensing length of fiber, D is the fiber core diameter. The BlueP/TMD layer acts as the analyte interacting layer.
The fiber forming ability of HBL glasses [28] could be a remarkable development when applied in various photonic devices. In the NIR spectral region, HBL-based fiber has shown noteworthy optical properties, along with good mechanical and chemical stabilities [29, 30] . The wavelength (λ)-dependent RI values of HBL are calculated from its dispersion relation [31] , and the corresponding RI values of NaF are adapted from [32] . Furthermore, the clad material is coated with an Ag layer whose RI values are taken from [33] . The fourth layer is of a BlueP/TMD heterostructure with a thickness of 0.75 nm. This heterostructure will be in direct contact with the analyte, which will prevent Ag from possible degradation or oxidation issues. The thickness values of monolayer BlueP/WS2 and BlueP/MoS2 heterostructures are adapted, and the interpolated RI variations with wavelength are shown in Figure 2 [24] . The output power loss (in dB) variation with α of the light beam is the operating principle of the proposed multilayered sensor. The power loss variation is due to the modulation effects of the plasmonic structure coated onto a small length 'L' of the fiber (Figure 1) . A laser diode mounted on a rotary stage is implemented as a source of monochromatic light. According to Snell's law, 'α' and 'θ' (inside the fiber) variations are interrelated. The resonance condition (i.e., the matching of incident light and SPP wave-vectors) will be satisfied at a particular value of incident angle (i.e., α = α SPR ). The transfer matrix method (TMM) is employed for the calculation of the normalized reflection coefficient (R) of p-polarized incident light [27] . The normalized output power after plasmonic modulation and taking Snell's law into account can be calculated as:
In Equation (1) , N re f (θ) = L/(D tanθ) represents the number of reflections corresponding to a light ray propagating at an angle 'θ' inside the fiber core. Here, D is the fiber core diameter. Finally, the power loss (PL) can be calculated as:
In the above equation, P re f is the normalized reference power and P out (= P(α)) is the modulated normalized output power calculated from Equation (1) .
The fiber forming ability of HBL glasses [28] could be a remarkable development when applied in various photonic devices. In the NIR spectral region, HBL-based fiber has shown noteworthy optical properties, along with good mechanical and chemical stabilities [29, 30] . The wavelength (λ)-dependent RI values of HBL are calculated from its dispersion relation [31] , and the corresponding RI values of NaF are adapted from [32] . Furthermore, the clad material is coated with an Ag layer whose RI values are taken from [33] . The fourth layer is of a BlueP/TMD heterostructure with a thickness of 0.75 nm. This heterostructure will be in direct contact with the analyte, which will prevent Ag from possible degradation or oxidation issues. The thickness values of monolayer BlueP/WS 2 and BlueP/MoS 2 heterostructures are adapted, and the interpolated RI variations with wavelength are shown in Figure 2 [24] .
RI values of NaF are adapted from [32] . Furthermore, the clad material is coated with an Ag layer whose RI values are taken from [33] . The fourth layer is of a BlueP/TMD heterostructure with a thickness of 0.75 nm. This heterostructure will be in direct contact with the analyte, which will prevent Ag from possible degradation or oxidation issues. The thickness values of monolayer BlueP/WS2 and BlueP/MoS2 heterostructures are adapted, and the interpolated RI variations with wavelength are shown in Figure 2 [24] . The sensor design is aimed at the determination of malignancy in human liver tissues. The sensor is simulated with malignant metastatic tissue ('MET') liver tissue as an analyte and with normal ('N') liver tissue as a reference sample. The RI values of N and MET liver tissues are adapted from [34] . The work of Giannios et al. [34] , which forms the basis for our simulation work, reported that liver tissue samples with 5 mm × 5 mm surface and 2 mm thickness can be prepared under a dissecting stereoscope. The work of Giannios et al. used the prism-coupling method to determine the RI of liver tissue samples. In the prism-coupling method, they 'attached' the liver tissue sample to the base of the glass prism without applying any intermediate liquid or external pressure in order to form a high-quality interface. It must be kept in mind that the above may be possible due to the high water content in liver tissue samples [35] . For that matter, another important difference between normal and malignant tissues is that the malignant tissue has significantly higher water content than the normal one. Against this backdrop, if we replicate the formation of high-quality interface involving liver tissues (as reported by Giannios et al.) , the similar freshly excised liver tissue samples can also be seen to become attached to 2D heterostructures (see Figure 1) because most of the 2D heterostructure layers show sufficiently high binding with water molecules (via strong adsorption behavior towards O 2 molecules). In this sequence, it is important to mention that a very recent study [36] quantitatively confirmed that the presence of TMDs on substrates resulted in an enhanced overall cellular morphology. Therefore, in view of the above points, the liver tissues can be attached to the 2D heterostructures in the proposed fiber SPR sensor. Figure of merit (FOM) is the measure of the overall performance of the fiber SPR sensor considering both of the following terms: (i) change in resonance angle (δα SPR ) on small change in RI (δn s ) of MET with reference to N; and (ii) the angular width of PL spectrum (FWHM) of MET analyte. The FOM is defined as follows:
The term δα SPR /δn s is considered to be the sensitivity of the system. The calculation of parameters and simulations are performed using MATLAB ® programming tool (Version 2016, Mathworks, Natick, MA, USA) while the field variation analysis is carried out with the COMSOL multiphysics tool (Version-v 5.20, COMSOL AB, Stockholm, STHLM, Sweden) (based on the finite element method).
Results and Discussion
In this section, the FOM enhancement is emphasized with the optimization of the coupled effect of λ and metal layer thickness (d m ) for BlueP/WS 2 and BlueP/MoS 2 heterostructure-based fiber SPR sensors. The values of NaF and 2D heterostructure layers are fixed at 5 nm and 0.75 nm, respectively. It is important to mention that the simulation was performed for a dm range of 30-55 nm, but the prominent enhancement in FOM was observed in the range 35-40 nm only, as depicted in Figure 3 . The above 2D plot shows that the FOM variation is highly sensitive to (dm, λ) combination with maximum FOM (M-FOM) of 7371.33 RIU −1 achieved at λ = 811.20 nm and dm = 38.2 nm. This can be attributed to optimum radiation damping (ORD) for the corresponding SPR sensor structure. The M-FOM point is shown magnified in Figure 3 . In this sequence, Figure 4 depicts the 2D variation of FOM for BlueP/MoS2 heterostructure-based sensor design. It is important to mention that the simulation was performed for a dm range of 30-55 nm, but the prominent enhancement in FOM was observed in the range 35-40 nm only, as depicted in Figure 3 . The above 2D plot shows that the FOM variation is highly sensitive to (dm, λ) combination with maximum FOM (M-FOM) of 7371.33 RIU −1 achieved at λ = 811.20 nm and dm = 38.2 nm. This can be attributed to optimum radiation damping (ORD) for the corresponding SPR sensor structure. The M-FOM point is shown magnified in Figure 3 . In this sequence, Figure 4 depicts the 2D variation of FOM for BlueP/MoS2 heterostructure-based sensor design. Figure 2 . A brief workflow of the proposed sensor can be summarized as follows: a tunable source and detector are the main components for the optical fiber sensor setup. An optically pumped laser can be utilized at λ = 811.20 nm [37] and a wavelength of 813.40 nm can be achieved by a Ti:Sapphire laser [38] . The shift in position of resonance angle can be observed at the detector side. The minimum possible angular shift that can be detected is 0.001 • [39] Furthermore, the power loss (dB) measurement at resonance can be performed using an optical power meter, which can be used for calculation of power loss ratio (PLR). components for the optical fiber sensor setup. An optically pumped laser can be utilized at λ = 811.20 nm [37] and a wavelength of 813.40 nm can be achieved by a Ti:Sapphire laser [38] . The shift in position of resonance angle can be observed at the detector side. The minimum possible angular shift that can be detected is 0.001° [39] Furthermore, the power loss (dB) measurement at resonance can be performed using an optical power meter, which can be used for calculation of power loss ratio (PLR).
Comparative Analysis between BlueP/WS2 and BlueP/MoS2 Heterostructure-Based Sensor Designs
At this juncture, it is important to clearly understand the rationale behind the massive difference between M-FOM values as discussed in last section. In this context, Figure 5 represents the PL spectra (of N and MET tissues) for two sensor designs at their corresponding optimized λ values i.e., 811.2 nm (for BlueP/WS2) and 813.4 nm (for BlueP/MoS2). For MET tissue (i.e., analyte), the peak values of PL observed in the case of BlueP/WS2 and BlueP/MoS2 heterostructure-based sensors were 2213.062 dB and 2584.34 dB, respectively. Different peak PL values have a direct effect on the corresponding FWHM of the concerned PL spectra. The FWHM of PL spectrum is 0.026° (as shown in Figure 5a ) and 0.010° (as shown in Figure 5b ) for BlueP/WS2 and BlueP/MoS2 heterostructure-based sensors, respectively. For greater clarity, Table 1 lists the values of all concerned parameters corresponding to M-FOM (and the next highest FOM) achievable with the two sensor designs. The next prominent peaks show a comparative analysis with maximum FOM condition and provides another degree of freedom for experimental realization. For MET tissue (i.e., analyte), the peak values of PL observed in the case of BlueP/WS 2 and BlueP/MoS 2 heterostructure-based sensors were 2213.062 dB and 2584.34 dB, respectively. Different peak PL values have a direct effect on the corresponding FWHM of the concerned PL spectra. The FWHM of PL spectrum is 0.026 • (as shown in Figure 5a ) and 0.010 • (as shown in Figure 5b ) for BlueP/WS 2 and BlueP/MoS 2 heterostructure-based sensors, respectively. For greater clarity, Table 1 lists the values of all concerned parameters corresponding to M-FOM (and the next highest FOM) achievable with the two sensor designs. The next prominent peaks show a comparative analysis with maximum FOM condition and provides another degree of freedom for experimental realization. Table 1 clearly shows that the sensitivity of the two sensor designs under their ORD conditions (i.e., where M-FOM is achieved) is nearly identical (as shown in the shaded rows) and that is why a significantly greater M-FOM for BlueP/MoS 2 -based sensor is primarily due to much smaller FWHM (of MET tissue's PL spectrum) compared with BlueP/WS 2 -based sensor. Evidently, the ORD condition leads to maximum light absorption at a specific set of concerned parameters, i.e., λ and d m . Consequently, the corresponding PL attains the highest magnitude, leading to minimum FWHM and maximum possible FOM. In other words, the greater the peak PL, the smaller the FWHM. This very point is also evident from the fact that BlueP/MoS 2 -based sensor possesses greater value of peak PL value and smaller FWHM leading to greater M-FOM than BlueP/WS 2 -based sensor. Another interesting point observable from Table 1 is that at the next prominent (λ, d m ) combination, the M-FOM for the BlueP/MoS 2 sensor design (i.e., 10177.50 RIU −1 ), is nearly half of the M-FOM corresponding to the ORD condition (i.e., 19179.69 RIU −1 ). Moreover, the sensitivity (183.1951 • /RIU) is also smaller, and the optimal λ (i.e., 894.7 nm) is also considerably longer than the λ corresponding to the ORD condition (i.e., 813.4 nm).
Field Analysis at Resonance Condition
It is important to appreciate that the interaction volume plays an important role in plasmonic sensor characteristics. Some of the research works based on fiber-optic SPR sensors have also demonstrated the field distribution along the analyte side under resonance conditions [40, 41] . The field enhancement towards the analyte region increases the interaction volume. This field enhancement is a result of the maximum absorption of incident radiation at resonance, which denotes the field interaction with the sensing region. In other words, the field enhancement is corelated with the ORD condition, which, as discussed earlier, leads to maximum absorption. In that sense, the performance of heterostructure-based SPR sensor can be further explained in terms of the magnetic field enhancement under the corresponding ORD conditions. The field analysis is performed using COMSOL Multiphysics tool (Version-v 5.20, COMSOL AB, Stockholm, STHLM, Sweden). Figure 6 shows the field variation of the BlueP/WS 2 heterostructure-based sensor structure under the corresponding ORD conditions (λ = 811.20 nm and d m = 38.2 nm) with N and MET tissues as the outermost media. The nature of the field distributions at resonance are in line with previously reported works on plasmonic sensors [40, 41] . Higher electric field enhancement was observed for the Au-ITO-Au-coated fiber-optic SPR sensor than the Au-coated fiber-optic SPR sensor [40] . Furthermore, a magnetic field enhancement was reported at the ITO-Au-analyte interface in the case of fiber-optic SPR sensor designed for label-free and real-time monitoring of the IgG/anti-IgG biomolecular interaction [41] . [40] . Furthermore, a magnetic field enhancement was reported at the ITO-Auanalyte interface in the case of fiber-optic SPR sensor designed for label-free and real-time monitoring of the IgG/anti-IgG biomolecular interaction [41] . Here, it is important to note that there is a significant change in the maximum value of field strength on changing the sensing medium from N-tissue (520 A/m) to MET tissue (596 A/m). Thus, there is approximately 14% field enhancement for MET tissue with reference to N-tissue. Here, it is important to note that there is a significant change in the maximum value of field strength on changing the sensing medium from N-tissue (520 A/m) to MET tissue (596 A/m). Thus, there is approximately 14% field enhancement for MET tissue with reference to N-tissue.
Furthermore, the field analysis was also performed for the BlueP/MoS 2 heterostructure-based sensor structure under its corresponding ORD conditions (λ = 813.40 nm and d m = 38.2 nm), as shown in Figure 7 . Similar to Figure 6 , the field enhancement factor is 1.14 in Figure 7 for MET tissue with reference to N tissue. Both of the above figures indicate a sufficiently large field variation when the analyte is taken as MET tissue with N tissue as a reference sample, leading to a very high practical sensitivity of the sensor.
Comprehensive Performance Analysis under ORD Conditions
As discussed earlier, the FOM is an overall performance parameter, in consideration of the shift and width of analyte PL spectrum. Nonetheless, more comprehensive analysis can be carried in order to understand the simulated sensor model in as close to a practical realization as possible. In this regard, it is important to mention that:
(i) the wavelength of sensor operation should ideally be as large as possible in the NIR range, owing to the lower photodamage of the analyte (biosamples, in particular) [42] and the smaller Similar to Figure 6 , the field enhancement factor is 1.14 in Figure 7 for MET tissue with reference to N tissue. Both of the above figures indicate a sufficiently large field variation when the analyte is taken as MET tissue with N tissue as a reference sample, leading to a very high practical sensitivity of the sensor.
As discussed earlier, the FOM is an overall performance parameter, in consideration of the shift and width of analyte PL spectrum. Nonetheless, more comprehensive analysis can be carried in order to understand the simulated sensor model in as close to a practical realization as possible. In this regard, it is important to mention that: (i) the wavelength of sensor operation should ideally be as large as possible in the NIR range, owing to the lower photodamage of the analyte (biosamples, in particular) [42] and the smaller Rayleigh scattering factor, RSF (i.e., λ −4 ), (ii) the ratio (PLR) of peak PL (MET tissue) to peak PL (N tissue) under corresponding ORD conditions (as depicted in Figure 5 ) can be added as another performance element, (iii) as discussed in Section 3.3, field enhancement factor (FEF) is another possible inclusion to the sensor's performance evaluation.
Of course, PLR and FEF should be as large and RSF should be as small as possible (within practical limits). At this stage, a combined figure of merit (C-FOM) of the sensor as a union of M-FOM, RSF, FEF, and corresponding PLR can be envisaged. Table 2 lists the values of required parameters leading to calculation of C-FOM (in µm 4 /RIU as per Equation (4)). Table 2 clearly indicates that the BlueP/MoS 2 -based sensor design provides a superior overall performance due not only to its greater M-FOM, but also to its slightly longer ORD wavelength (leading to smaller RSF) and greater PLR (as is also visible in Figure 5 ). The BlueP/WS 2 -based sensor design may not be preferred due to smaller magnitudes of M-FOM and PLR, even though the FEF and RSF are almost identical. Hence, specific biosensing applications that require as little signal scattering and photodamage as possible, along with a more prominent PL spectrum, should be carried out with the BlueP/MoS 2 heterostructure-based sensor design. The most prominent M-FOM values are also compared with some other research works as shown in Table 3 , which points towards the significantly enhanced sensing performance achievable with the proposed sensor designs. [43] Chalcogenide fiber sensor with polymer and 2D layer 1647 (λ = 1200 nm) Popescu et al. [44] Bragg fiber with AS 2 S 3 chalcogenide layer 233.10 Feng et al. [45] Long range SPR on side-polished fiber with MgF 2 layer 156.19 Bialiayeu et al. [46] Tilted fiber Bragg gratings coated with silver nanowire 3700 Gazzaz and Berini [47] Waveguide Bragg gratings supporting surface plasmons 1000 Finally, it is necessary to discuss a few possible limitations of the proposed sensor design. For instance, the sensor design has a very delicate dependence on the light wavelength, which has to be fine-tuned very carefully in order to reach the desired performance enhancement. If the wavelength drifts by some amount, the envisioned performance enhancement may also drop accordingly. Furthermore, the data for simulation of the proposed sensor adapted from Giannios et al. [34] is not specific to bacterial phases (e.g., lag, exponential, stationary, and death phases). Nevertheless, the above work reports that the cell morphology of the tissues utilized in their measurements did not change with time. Therefore, the simulation results and the conclusions of the proposed study may vary if there is any variation (for any reason) in the bacterial phase of the tissue. Also, the tuning of angle (α) should be performed carefully and with as fine a resolution as possible (e.g., 0.001 • [39] ).
Conclusions
The application of a 2D heterostructure as the analyte interacting layer in a fluoride fiber SPR sensor aimed at detecting malignant liver tissue (MET, with reference to normal tissue N) was explored in this work. The incident wavelength (λ) and metal layer thickness (d m ) were optimized in order to achieve the maximum figure of merit (M-FOM). Large M-FOM values of 7371.30 RIU −1 and 19,179.69 RIU −1 were obtained for BlueP/WS 2 and BlueP/MoS 2 heterostructure-based sensor designs, respectively. The simulation results were discussed in terms of optimum radiation damping (ORD) occurring at the metal-heterostructure-analyte interfaces. In this context, the field strength at resonance was also simulated for the sensor designs and discussed in line with ORD. Making the analysis more comprehensive, the sensors' performances were evaluated in terms of a combined parameter (C-FOM) defined under ORD conditions as a union of M-FOM, peak power loss ratio, Rayleigh scattering factor, and field enhancement factor. The comprehensive analysis indicates that with C-FOM of 70,046.01 µm 4 /RIU, the BlueP/MoS 2 heterostructure-based sensor design was capable of providing massively superior overall sensing performance compared with BlueP/WS 2 heterostructure-based sensor design (C-FOM = 22871.63 µm 4 /RIU). 
